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State highway agencies are currently required to report to FHWA annually, through the Highway Performance and Monitoring System (HPMS), all VMT disaggregated by roadway functional class and vehicle type. According to the HPMS field manual (9) , all public roads in the United States are grouped into two area types-rural and urban-and seven functional classes. The seven functional classes for both rural and urban roads are as follows:
• Interstate freeway, The HPMS requires only summary travel information for rural minor collectors, rural local roads, and urban local roads; full extent data at the section level are required for all other functional classes of roads. In the rest of this paper, the term "local road" refers to the combination of rural local roads and urban local roads defined in the HPMS.
A major issue with the reporting of VMT through the HPMS is that FHWA does not have a uniform or default procedure for state highway agencies to use in developing their local road VMT data. FHWA relies on each state highway agency to develop and implement its own methods for computing local road VMT. The current practices used by the states to prepare these local area estimates vary significantly in level of sophistication and often are not thoroughly documented.
FHWA conducted a survey of the states in April 2002 through its field division offices and, in a 2003 report, summarized the states' procedures for estimating the amount of VMT on rural and urban local road systems into seven categories (2) . Some state practices focused on deriving a reasonable growth rate for local road VMT. However, the method of estimating local road VMT in the base year and the accuracy of the base year data were never explained clearly. Other methods tried to assign a part of total area VMT to local roads. The problem is that total area VMT is usually estimated from econometric models or travel demand models, and there is always a lack of ground truth data to validate the estimation results. A few states declared usage of sample traffic counts on local roads to estimate local road VMT; however, the raw data from the HPMS show that sample rates of traffic count stations on local roads at the state level are rather low for most of the states (Table 1) .
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The Highway Performance Monitoring System and the reporting of vehicle miles traveled (VMT) on different levels of roadways are critical parts of the U.S. national transportation data program. Although the amount of travel on higher-level roads can often be reliably estimated from traffic counts and other data sources, existing heuristic methods for estimating lower-level and local road VMT suffer from the lack of ground truth data. This paper reports the development of a novel method for estimating local road VMT on the basis of the Global Positioning System (GPS) and other supplemental data sources and investigates the associated statistical issues. The proposed method is applicable at the national, state, and local levels and is demonstrated in a case study in Maryland. The size and duration of the GPS survey sample required for reliable VMT estimation were also analyzed. The case study and statistical analysis showed that a 30-day GPS survey would reduce the required sample size by approximately 50% to 60% as compared with a singleday survey and that a 15-day GPS survey with 670 participating drivers could provide local road VMT estimates with a 5% margin of error at the 95% confidence level. Survey designers can either reduce sample size by lengthening the duration of surveys or recruit more participants for a shorter survey. These findings suggest GPS-based surveys are feasible and cost-effective options for VMT estimation on different levels of roadways, including local roads. Federal, state, and local agencies may use GPS surveys already planned for other purposes (e.g., travel demand modeling and planning applications) for VMT estimation.
Information on the total amount of travel as well as traffic flow patterns is important in transportation planning, pavement design, and travel activity analysis. According to FHWA, in 2001, local roads constituted about 69% of the total length of roadways at the national level in the United States, but the traffic carried by the local road system constituted only about 15% of highway vehicle miles traveled (VMT) (1, 2) . The relative unimportance of the local road system leads to fewer efforts to monitor travel conditions on local roads and to the allocation of fewer resources to local roads.
VMT has been used as an indicator of travel demand or travel behavior in research on various topics (3) (4) (5) (6) (7) (8) . However, the specific topic of reliable estimates of VMT on local roads has become increasingly important only in recent years, when it was recognized The Kentucky Transportation Center conducted a survey of 45 states regarding their methods for obtaining local road volume counts and determining sampling locations (10) . The findings showed that most states did not select sampling locations randomly. The practical sampling methods favored the more important local roads, and the nonrandom sampling procedures produced biases in VMT estimates for local roads.
Besides the methods for estimating local road VMT mentioned previously, several potential methods were identified in a 2004 FHWA report (11) . Three of these potential methods rely on travel demand model outputs, and three do not. However, all these methods would suffer from either the lack of ground truth data or the underrepresentation of local roads in travel demand models.
A few more sophisticated models can be found in the literature. Bhat and Nair developed a fractional split model that predicts the VMT mix on links as a function of the roadway functional class, the physical attributes of the link, the operating conditions of the link, and the attributes of the traffic analysis zone in which the link is located (12) . Vadlamani established the classification and regression tree (CART) for VMT estimation as an alternative to current state practices based on HPMS data (13) . The CART method is based on link attributes that define sections of homogeneous traffic volume. Qiao and Yu developed an exponential regression model (a type of nonlinear regression model) for VMT estimation that incorporates both traffic counts and link attributes (14) .
Overall, the major constraints of all the practical and proposed methods are that estimation results cannot be validated with currently available data and that the accuracy and reliability of the estimated local road VMT are uncertain. Fortunately, with the rapid development of Global Positioning System (GPS) technology, GPS travel surveys have become less expensive and are being conducted in more and more places. The advantage of GPS travel surveys as compared with traditional recall diary surveys is that GPS surveys provide the added benefit of capturing information about route choice, speed, and path. GPS surveys could also provide ground truth information on VMT carried by local road systems, thus enabling the estimation of local road VMT on the basis of GPS data. This paper focuses on analyzing the feasibility of estimating local road VMT on the basis of data collected from GPS travel surveys. The feasibility is explained from the perspective of both statistical power and cost-effectiveness. The next section of this paper briefly reviews the previous literature on and practices in GPS travel surveys and associated analysis based on multiday survey data. Then the data used for the empirical analysis and the statistical results of the data are presented. The statistical power of the estimation as well as the implications of the multiday survey data for sample size are discussed, and conclusions are presented.
Literature review
Widely conducted GPS-based travel surveys have provided the opportunity to estimate local road VMT from GPS data across various areas. Recognizing the potential benefits of more accurate trip recording and collection of more travel information by using GPS, governments and research agencies are becoming more and more willing to conduct GPS-based travel surveys, despite the higher cost per household. According to the review of existing GPS-based travel surveys, government-led GPS surveys usually complement traditional household travel surveys. The primary purpose of employing GPS in these surveys is to analyze the underreporting of trips and VMT in traditional surveys, so as to develop adjustment factors for trip underreporting. However, research agencies using GPS surveys are more interested in the analysis of travel behavior, such as route choice, and reaction to road price. Table 2 summarizes GPS travel surveys conducted in the United States. In addition to these surveys, there are several ongoing or recently conducted household travel surveys that include GPS components. Among these surveys are the California Household Travel Survey, the Atlanta Region Household Travel Survey, and the New York Metropolitan Transportation Council Regional Household Travel Survey.
Although GPS-based travel surveys are more costly than traditional diary recall surveys, several studies have confirmed that multiday approaches provide the advantage of capturing intrapersonal variability in travel behavior and that, therefore, the same level of precision in parameter estimation can be achieved with a smaller sample. As early as 1986, Hanson and Huff presented a discussion on variable travel behavior of individuals over time and found that a 1-day pattern was not representative of a person's routine travel (29) . Then a variety of studies on this topic confirmed that considerable intrapersonal variability exists in travel behavior; a comprehensive review of these studies is given in a 2003 paper by Pendyala (30) . Later, Stopher et al. found that travel surveys that measured only 1 or 2 days of data would provide overestimates of both the mean and variance of travel behavior measurements (31) . Besides confirming the existence of a large level of intrapersonal variability, Raux et al. went further by studying the intrapersonal variability in various time periods within the week and found that systematic day-to-day variability had an extremely low share in intrapersonal variability (32) . All these findings suggest that traditional 1-or 2-day travel surveys cannot provide reliable estimates of a person's routine behavior and support the need for conducting multiday travel surveys. However, the heavy response burden associated with multiday diary surveys may still lead to biased estimations. In 2006, Stopher et al. found that respondents often stated that they did not travel anywhere on the second day to decrease the response burden in a 2-day postal diary survey (33) ; this finding suggests that the survey itself can affect travel behavior and thereby lead to biased estimates. Because the GPS equipment collects travel data passively, it incurs little response burden and lessens the tendency of respondents to change their behavior to alleviate the response burden. These advantages make the GPS-based multiday travel survey a prominent option for future travel surveys.
With regard to the high cost of GPS equipment, the sample size implications of multiday surveys have been discussed in several studies, which found that reduction of the sample size and associated survey costs may be significant, even when the additional expense of collecting data on additional days is taken into account. For reading activity diary surveys, Pas showed that 3-day data from a 75-person sample and 2-day data from a 91-person sample would give the same level of precision in parameter estimation as a 1-day sample of 136 persons (34). Stopher et al. developed a mathematical model to illustrate the reduction in sample size achieved with multiday collection of data (35) . Chikaraishi et al. proposed an optimal survey design method for multiday and multiperiod panels that maximized the statistical power of parameter estimates (36) . The balance of sample size, survey duration, and survey cost were discussed.
Similar studies have been carried out intensively in nutritional science. Several researchers investigated the influence of survey duration on estimating individual or group intake of usual nutrients and the associated confidence interval (37) (38) (39) (40) . Other studies examined the estimation of the intake distribution of nutrients on the basis of multiday survey data (41, 42) . Although these studies did not focus on the implications of multiday data for sample size, their research interests involved the relationships between the variance of estimates, duration of survey, and sample size. All the studies suggested that increasing sample size or survey duration could reduce the variance of estimates. Thus, there is a trade-off between sample size and survey duration in achieving the same level of precision in target variable estimates.
Overall, the existence of intrapersonal variability in travel behavior stimulates the need to conduct a multiday travel survey instead of the traditional 1-day travel survey. Because of the heavy respondent burden and tendency to change usual travel behavior as survey duration increases in diary surveys, GPS technology is considered to be an effective solution for multiday travel surveys. The advantage of the potential to reduce sample size by using multiday data makes the GPS-based survey a feasible and cost-effective option for future household travel surveys.
Description anD anaLysis of Gps Data
The data used for empirical analysis in this research were collected in a 12-week GPS-based travel survey conducted in the state of Maryland. The survey started about 1 week before the opening of a new freeway infrastructure, the Intercounty Connector, on November 22, 2011, when the toll was not yet in place, and lasted for about 9 weeks after the toll became effective on December 5, 2011. The primary purpose of the survey was to analyze behavior change in reaction to new infrastructures as well as a person's willingness to pay the toll. The device chosen for the survey was the Qstarz 1000XT, which can passively record a variety of items, including position and moving direction when the device was on. After the distribution of demographic and socioeconomic characteristics were considered, 263 individuals were recruited for the survey and sent GPS devices; 250 devices were returned after the survey, and 218 useable data sets were retrieved from the devices.
In the case study, the GPS data were matched to the links of a road network provided by the Maryland State Highway Administration, which oversees all public roads in Maryland. To ensure that each GPS point was snapped to the right link and that the derived travel routes represented the actual path, an algorithm that ensured the logical connectivity of the current link with upstream and downstream links was developed. After this algorithm was run, travel routes could be presented as a sequence of roadway links, and VMT carried by different functional roadway systems could easily be derived.
At the time of the writing of this paper, the GPS data for 137 of the 218 useable data sets had been processed; the empirical analysis was conducted on the basis of the travel information for these 137 individuals. Each person had been tracked for about 50 days on average, and 6,939 person days of data had been recorded. Figure 1 shows the study area and the coverage of GPS points for this research. The GPS points were not distributed uniformly over the entire state. Most of the trips were concentrated in areas close to Washington, D.C., and northern Virginia.
The statistical analysis was conducted by looking at two measures: total VMT per day and local road VMT per day. Intrapersonal variations in travel behavior at both the personal and the group level were investigated. Figure 2 , a and b, shows the plotted daily total VMT and daily local road VMT, respectively, for a randomly chosen person from the sample. Both the total VMT per day and local road VMT per day present a great deal of intrapersonal variation, a finding that indicates that a 1-day travel survey could hardly capture routine travel behavior at the personal level.
To analyze the capability to capture average routine travel behavior at the group or population level through a 1-day travel survey, the variation in mean total VMT per day and mean local road VMT per day among the sample was analyzed. This analysis was based on travel information from 128 persons who provided at least 27 days of data. Figure 2, c and d, shows what happens to the average of the two measures as the number of days of observation increases. Both graphs show significant changes in mean travel behavior during the first 7 days. As the period of observation becomes longer, the means of the two measures become more stable. Intrapersonal variations influence the estimation of average travel behavior at the group level. To achieve unbiased estimates of the average amount of travel at the group or population level from a 1-day travel survey, the survey should be carefully designed to account for the day-to-day effect.
statisticaL MethoDs
The objectives of this research were to estimate the average daily local road VMT or the ratio of local road VMT to total VMT at the population level and to find the confidence interval of these estimates at certain confidence levels. The measure of local road VMT per day was examined to illustrate the statistical method being applied. For a cross-sectional survey, local road VMT per day for each individual is recognized as the sum of the population mean local road VMT per day and a random error term, which can be presented as Equation 1:
where y i = local road VMT produced by person i on survey day, µ = population mean local road VMT per day, and η i = random error term with mean 0, which presents interpersonal variation.
When a multiday travel survey is conducted, the panel data collected enable the analysis of both interpersonal and intrapersonal variation, and the additional time dimension can be introduced. In this case, an individual's local road VMT per day can be described as Equation 2:
where y id = local road VMT produced by person i on day d, η i = difference between individual i's mean local road VMT and population average, and ε id = random error term to capture individual i's intrapersonal variation in local road VMT on different days.
Assuming that η i has a mean of 0 and a variance of σ 2 u , ε id has a mean of 0 and a variance of σ 2 iε . To make the analysis simple, intrapersonal variation was assumed to be independent of interpersonal variation. Thus the two random variables η i and ε id are independent, and the variance of y id is σ , it can be found that increasing both sample size and survey duration diminishes the variance of the population mean estimate, that is, improves the precision of estimation.
implications of sample size
According to Equation 4, to achieve the same level of precision in estimating the population mean local road VMT per day, increasing the duration of the survey leads to a reduction in the required sample size. For instance, if half of the total variation is attributed to intrapersonal variation (σ 2 ε /σ 2 u + σ 2 ε = 0.5), the variance of the population mean estimate would be 2σ By following the same procedure, it can be found that a 30-day survey would reduce the sample size requirement by 48.3%. The sample size implications of using multiday data in estimating the population mean on two measures-total VMT per day and local road VMT per day-were examined for the case study in Maryland. The variance of intrapersonal variation was calculated as the mean intrapersonal variance of all individuals, and interpersonal variance was calculated as the variance of mean response for each person across individuals. Information calculated from the sample data and the implications for sample size are summarized in Table 3 .
Intrapersonal variance in total VMT per day accounted for a much larger portion of total variance than the intrapersonal variance in local road VMT per day, and the reduction in sample size resulting from the multiday survey was more significant in estimating the population mean total VMT per day. As compared with a 1-day travel survey, a 7-day survey and a 30-day survey could reduce the required sample size by 60.0% and 67.7%, respectively, when the population mean total VMT per day is estimated. The sample size reductions for estimating the population mean local road VMT per day in a 7-day or a 30-day survey were 43.7% and 49.3%, respectively. With regard to the population mean ratio of local road VMT, it is inappropriate to average the daily personal ratio across all individuals and all days. The daily personal ratio should be weighted by the total VMT on that day to derive the population average; only in this way can the weighted average ratio of the local road VMT represent the actual portion of roadway usage attributed to local roads. Thus, the population mean ratio of local road VMT cannot be estimated in the same way as the mean total VMT per day and the local road VMT per day.
The population mean ratio of local road VMT can be presented as the population mean local road VMT per day divided by the population mean total VMT per day. If X is set to be the estimate of the population mean local road VMT per day and Ŷ is the estimate of the population mean total VMT per day, then the population mean ratio of local road VMT (R) can be described as
According to Goodman (43) , the variance of R can be calculated as
The variance of the population mean ratio of local road VMT is not only determined by the variance of mean total VMT and local road VMT, but also correlated with the estimate of the two measures and the covariance between them. The covariance between the two estimates, 141.31, is calculated from the sample. On the basis of the information in Table 3 , the variance of the population mean ratio of local road VMT can be calculated as The reduction of the required sample size for estimating the population mean ratio of local road VMT with multiday surveys can be calculated with Equation 8. For a 7-day survey, the required sample size would be reduced by 50.97% as compared with a 1-day survey. The reduction in the required sample size for a 30-day survey relative to a 1-day survey would be 57.48%.
statistical power
By invoking the central limit theorem, the estimated mean total VMT per day and local road VMT per day can be treated as being approximately normally distributed. The calculation of the variance of these two measures was introduced in the previous section. The analysis of the confidence interval as well as the confidence level of these estimates can thus be conducted. The estimation of the population mean local road VMT per day may be taken as an example. The intrapersonal and interpersonal variances of observations are 52.00 and 49.39, respectively. The sample variances are assumed to be the true variance of the population. For a 7-day survey with a sample of 100 individuals, Equation 4 can be used to calculate the variance of the population mean local road VMT, which is 0.57. The confidence interval of the estimate at the 95% confidence level would be (11.02 − 1.96 p 0.57, 11.02 + 1.96 p 0.57), which can also be presented as (11.02 p (1 − 13.4%), 11.02 p (1 + 13.4%)). The meaning of the confidence interval is that the true population mean local road VMT per day is expected to be within 13.4% of the estimate for 95% of the time. Figure 3 shows the required sample size and duration of surveys for different sets of confidence level and accuracy level. It can be seen that increasing either the sample size or the duration of the survey is necessary to improve the statistical power of the estimates. Improvement of the estimation accuracy generally requires a much larger increase in sample size or survey duration than is needed to improve the confidence level. If data from a 1-day survey are used to estimate the population mean total VMT per day, about 180 samples are required to achieve 10% accuracy at the 90% confidence level. To improve the statistical power of estimates to 10% accuracy at the 95% confidence level, only 70 more samples are needed. However, to improve the statistical power of estimates to 5% accuracy at the 90% confidence level, the sample size must be increased to about 530.
In estimating the population mean total VMT per day, increasing the number of survey days significantly reduces the required sample size while keeping the statistical power of estimates at a certain level when the duration of the survey is less than 20 days. For example, by keeping the estimates within 5% error at the 95% confidence level, a 20-day travel survey would reduce the required sample size from 1,000 for a 1-day survey to about 340. However, when the duration of the survey exceeds 20 days, the impact on the reduction of sample size becomes much weaker, and the benefit of prolonging the survey duration becomes negligible.
Findings from the estimation of the population mean local road VMT per day were quite similar to those for total VMT estimates. To derive an estimate within 5% error at the 95% confidence level, 1,280 samples were needed for a single-day survey and about 670 samples were needed for a 15-day survey. The benefits of reducing the required sample size were quite strong when the duration of the survey was less than 10 days. Surveys of more than 10 days' duration realized only small marginal benefits in sample size reduction.
concLusions
This research examined the benefits of GPS-based travel surveys as compared with the traditional 1-day survey, namely, small respondent burden and negligible influence on travel behavior, and considered GPS-based surveys as a prominent option for travel surveys in the future. The development of a method for estimating local road VMT on the basis of GPS data was discussed, and a statistical model was used to conduct strict statistical analysis. According to the analysis, which used empirical data collected in the state of Maryland, people traveled an average of 31.59 mi each day, of which 11.02 mi (34.88%) were on local roads.
With regard to concerns about the high cost associated with GPS-based surveys, the implications of multiday surveys for sample size were discussed. Increasing the number of survey days was found to significantly reduce the sample size required for estimating the population mean travel behavior at a certain precision level. With a 30-day travel survey, the required sample size for estimating mean total VMT per day and mean local road VMT per day was reduced by 67.7% and 49.3%, respectively, as compared with the sample size for a 1-day survey, with the precision of the estimates kept at the same level. For estimating the population mean ratio of local road VMT with a 30-day survey data set, the sample size reduction was 57.5%.
The relationships between the statistical power of estimates, sample size, and survey duration were also discussed. The increase in sample size or in survey duration required to improve the accuracy of estimates was much larger than that required to improve the confidence level of estimates. The reduction in sample size caused by an increase in survey days was quite strong in the early days of a survey. However, as the survey duration approached and exceeded a certain threshold, the effect of a reduction in sample size diminished very quickly and became rather weak. With respect to the ability to estimate local road VMT on the basis of GPS data, a 15-day survey with 670 samples could provide estimates within 5% error at the 95% confidence level.
The trade-off between survey duration and sample size requirement makes it possible to design optimal survey strategies and can result in a large amount of cost saving. GPS-based surveys would thus be feasible and cost-effective options for future travel surveys.
Several issues need to be addressed in the future. In the current research, several assumptions were made, such as the independence between intrapersonal and interpersonal variation and the homogeneity in survey participants' intrapersonal variation. However, such is usually not the case in reality, and studies of statistics relaxing these assumptions need to be conducted. Although the reduction in the required sample for a multiday survey is beneficial in terms of cost savings, the reduction in sample size can also lead to less diversity and a sample that is less representative of the population. Further research on sampling methods to derive relatively small but representative samples is needed.
